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ABSTRACT

Abstract

This document outlines a path for the development of the field of extrasolar planet research, with a
particular emphasis on the goals of the Terrestrial Planet Finder (TPF). Over the past decade, a new field
of research has developed, the study of extrasolar planetary systems, driven by the discovery of massive
planets around nearby stars. The planet count now stands at over 130. Are there Earth-like planets around
nearby stars? Might any of those planets be conducive to the formation and maintenance of life? These are
the questions that TPF seeks to answer.

TPF will be implemented as a suite of two space observatories, a 6-m class optical coronagraph, to be
launched around 2014, and a formation flying mid-infrared interferometer, to be launched sometime prior to
2020. These facilities will survey up to 165 or more nearby stars and detect planets like Earth should they
be present in the ‘habitable zone’ around each star. With observations over a broad wavelength range, TPF
will provide a robust determination of the atmospheric composition of planets to assess habitability and the
presence of life.

At this early stage of TPF’s development, precursor observational and theoretical programs are essential to
help define the mission, to aid our understanding of the planets that TPF could discover, and to characterize
the stars that TPF will eventually study. This document is necessarily broad in scope because the
significance of individual discoveries is greatly enhanced when viewed in the context of the field as a
whole. This document has the ambitious goal of taking us from our limited knowledge today, in 2004, to
the era of TPF observations in the middle of the next decade. We must use the intervening years wisely.

This document will be reviewed annually and updated as needed. The most recent edition is available
online at http://tpf.jpl.nasa.gov/ or by email request to lawson@huey.jpl.nasa.gov.
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EXECUTIVE SUMMARY

Executive Summary

Our understanding of planetary systems has undergone a profound shift in the past several years. The field
has been transformed from one in which speculation, educated guesses, and extrapolation from a single
studied example (our own Solar System) have been abruptly replaced by the empirical wealth of over 130
discovered planets distributed among more than 115 different planetary systems, with several new giant
planets being found every month. Yet these discoveries just reveal the tip of the iceberg. If our Solar System
is typical, then these giant planets may be accompanied by many sibling terrestrial planets.

The sheer variety of planetary systems — including hot Jupiters, eccentric giants, and resonance-locked
pairs — has come as a surprise. The current situation is perhaps analogous to the time during which Tycho
Brahe was accumulating planetary observations of unprecedented accuracy, but before Kepler's synthesis of
the laws of planetary motion and Newton's discovery of universal gravitation.

The Terrestrial Planet Finder (TPF) is the cornerstone of NASA's Navigator program. The objectives of the
TPF missions are simply stated:

o To search for and detect terrestrial planets that might exist in the habitable zones of nearby stars.
e To characterize the atmosphere of planets it detects and search for indicators of the presence of life.

e To undertake a program of comparative study of all constituents of planetary systems.

TPF is envisaged as a series of two space observatories: a 6-m class optical coronagraph (TPF-C), to be
launched around 2014; and a mid-infrared formation-flying interferometer (TPF-I), to be developed as a
collaboration with the European Space Agency and launched sometime prior to 2020.

Decisions concerning the nature and scope of TPF will be guided by both scientific considerations and
technological readiness. TPF requires a program of precursor observational and theoretical activities for a
variety of reasons: to provide the astronomical information needed to assist in decisions concerning the
architecture of its missions; to specify the most promising spectral markers for characterizing planets and
detecting signs of life; to determine the volume of space that will be searched; and to characterize TPF
target stars. In addition, NASA and the TPF Project must ensure that a robust science community with a
broad scientific understanding of the formation and evolution of planetary systems is prepared to plan and
interpret TPF observations.

Precursor science programs are critical to our growing understanding of how planetary systems, terrestrial
planets, and abodes of life like our own form and evolve. They are also directly relevant to the planning
and implementation of technology for TPF. In this sense Precursor Science for the Terrestrial Planet
Finder is a companion document to the Technology Plan for the Terrestrial Planet Finder. Results of
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precursor science programs will influence the design and scope of TPF missions and lay the foundation for
the next decade of research relevant to the search for life on other worlds.

This document represents a broad consensus of the science community on the areas of scientific importance
that support the goals of TPF. This science community is worldwide. Of particular note is the collaboration
between NASA and ESA on the joint scientific objectives of TPF and the Darwin mission. This document
is intended to be inclusive of the Darwin science goals and the precursor science efforts in Europe and
worldwide.

T AN s Mission Concept Review:
Extrasolar T ijntéy to Phase A
Planetary Systems : =

' . Scnentlflc Scope
Entry to Phase B

Eonod'i'a'CaI:Dus"t' : e ey i e A
- and the Search for Planets Refmlngthe Mlssmn .

: 8 A and the Target List
. e " Pre-PhaseAto Launch
" Stars 'Th'at May Harbor \

. Earth-like Planets.

.:'l_::.‘ R ‘ ” “ge
. - Planets That May.Support Life

Figure 1. Overview of TPF precursor science themes and programmatic objectives.

The most important challenges for precursor science activities for TPF are illustrated in Fig. 1 and are as

follows:

1.

To assess or better constrain the characteristics of extrasolar planetary systems, and to better
estimate the fraction of stars with terrestrial-sized, potentially habitable planets. TPF has perhaps
the most technically challenging missions of any planned in space science. These missions are
defined in scope, complexity, cost, and scientific return by the sensitivity and angular resolution
required to search for planets. Our understanding of the characteristics of extrasolar planetary
systems will determine many of the key design parameters of the missions.

To determine the prevalence of dust disks around other stars and how it will influence the mission
design. Exozodiacal dust may serve as a signpost for the presence of planets, and yet may also
degrade the ability of a TPF mission to detect planets. The amount of exozodiacal emission may
be an important discriminator between some interferometric and coronagraphic designs and so
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must be well understood prior to the Mission Concept Reviews at the entry of a project’s Phase A.
Thus, in this document, considerable emphasis is placed on robust determination of the amount of
exozodiacal emission around potential TPF targets through observations with both space-based and
ground-based telescopes.

3. To perform a thorough, systematic, and comprehensive study of potential TPF targets, including
observations using ground-based and space-based observatories. The TPF target lists will be
observed, discussed, and refined for many years, beginning now and extending into the start of
observations.

4. To determine the biomarkers and other observable properties of habitable Earth-like planets that
will drive the mission design. The specific biomarkers susceptible for observation by TPF at
relatively low spectral resolution at optical and infrared wavelengths have been discussed in the
community over many years. There is broad agreement that visible and mid-IR observations
provide exciting and powerful diagnostics of habitability and even of life itself. Continued
evaluation and modeling is crucial, because the interpretation of planetary spectra is the key to
characterizing any planets that are detected.

5. To continue to build the community infrastructure, including appropriate data archives, as well as
increased support for graduate and postdoctoral fellowship programs centered on the science
projects relevant to TPF. In addition to specific projects of direct relevance to the design or scope
of the missions, the TPF Science Working Group emphasizes that a vigorous program of
theoretical and observational investigations relevant to TPF is vital to building a cadre of scientists
ready to exploit observations of extrasolar planets.

Guided by the above challenges, the scientific recommendations are organized into four major research
areas:

Characteristics of Extrasolar Planetary Systems

Exozodiacal Dust and the Search for Planets

Characteristics of Stars That May Harbor Earth-Like Planets
Characteristics of Planets That May Support Life

This document presents a multidisciplinary approach to preparing the way for TPF. It reflects the breadth
and diversity of the growing field of the study of extrasolar planetary systems. For TPF, we must be sure
that we are posing the scientific questions correctly, and that we will be able to interpret the results that TPF
will deliver. No single observing method or numerical model provides the whole story, so the approach laid
out proposes many interlocking, interdisciplinary studies. Taken together, they lay the foundation for an
entirely new field of scientific endeavor for the Twenty-First century: the exploration of planetary systems
in our solar neighborhood — their physical, chemical, and biological properties; and their formation and
evolution.

In addition to laying out a program of scientific research that supports TPF and helps to define the missions,
this document serves a programmatic purpose. For NASA, the missions that are developed in a given
discipline must complement each other in terms of scientific priorities, necessary scientific precursors,
technological maturity, and available budget. Within these pages, specific scientific needs for TPF are
referenced to missions that are currently flying or under development. Although the programmatic
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considerations for TPF-C and TPF-I are identical, it should be kept in mind that their schedules will lag by
approximately five years. In the description of programmatics included here, missions related to TPF are
only referenced to TPF-C. The over-riding schedule for TPF precursor science is driven by TPF-C because
of'its earlier launch date.

Table 1 summarizes the key decision points for the TPF project and the missions and instruments that
contribute to those decisions. Note that Table 1 represents only the most critical missions and instruments
for TPF. For the estimation of exozodiacal emission around target stars, overlapping capabilities will be
used for a timely entry into Phase A. For the improved understanding of extrasolar planetary systems and
an improved estimate of the frequency of Earths, the results from the COROT and Kepler missions will be
used in combination with extrapolation from steadily improving radial-velocity datasets.

Table 1. Key Missions and Scientific Contributions to TPF Precursor Science’

Instrument / Mission Science Contribution Programmatic Science
Gate for TPF-C Theme

Activities During TPF-C Pre-Phase A
Emphasis on Mission Concept Review

Spitzer IRS/MIPS survey of ~250 stars for exozodiacal dust Phase A Exozodi
at>5 AU
Keck-I, LBT-I, VLTI Warm dust (10 pm) for ~150 stars for exozodiacal .
dust at 0.5-2 AU Phase A Exozodi
Radial velocity monitoring  Detect planets of Saturn mass or less at 2-5 AU to Planetary
- Phase B
help refine the incidence of low mass planets Systems
COROT/MOST Transits of planets of 810 Earth mass at <0.5 AU Planetary
. Phase B
to help refine incidence of low mass planets Systems
Theory/modeling Estimate of frequency of Earth-like planets based on
. . . Planetary
giant planets detected by radial velocity or other Phase B
. Systems
techniques
Theory/modeling Refine spectral signatures to be searched Phase A Biomarkers
Activities During TPF-C Phase A
Emphasis on Scientific Scope of the Mission
Kepler Statistics of Earth-like planets (transiting) to Planetary
S Phase B
determine incidence of low-mass planets Systems
Activities During TPF-C Pre-Phase A to Phase E
Emphasis on Development of Target List
SIM Detect potential TPF target systems by finding
planets around nearby stars with masses as low as a — Target List
few Earth-masses.
JWST/HST ) .
Images of TPF target fields R>30 mag; F,(8 um) < o Target List
1 ply
Spitzer/Interferometers/ Characterize exozodiacal emission of potential o Exozodi,
Herschel/SOFIA targets Target List

" This table highlights the missions most relevant to TPF amongst those listed in Table 12
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As the individual chapters show, there are numerous research areas, many truly multi-disciplinary, which
directly relate to TPF. Each of these areas build a scientific context in which we set the results delivered by
the TPF missions themselves. More detailed recommendations are provided in Chapter 8.

Precursor Science for the Terrestrial Planet Finder will be reviewed annually, and with each revision will
embody new knowledge and assess progress against the recommendations stated at the end of each chapter.
Updates will include an assessment in each of the key areas. This information will be communicated to the
Navigator Program management and the Universe Division at NASA Headquarters.



CHAPTER 1

1 Introduction

The work described within these pages has been assembled through the efforts of many astronomers,
planetary scientists, technologists, and instrument builders. All share the same vision of striving to answer
the important questions that define us culturally and as explorers: “Where did we come from?” and “Are
we alone?” The objectives of TPF are echoed in the President’s Renewed Spirit of Discovery, whose aims
include “Conduct[ing] advanced telescope searches for Earth-like planets and habitable environments
around other stars,” and are also explicitly reaffirmed within The Vision for Space Exploration, by the
NASA Administrator.

Described in this document are the programmatic needs, scientific priorities, and community needs in
preparing for TPF.

1.1 Terrestrial Planet Finder: TPF-C and TPF-I

In April 2004, NASA elected to proceed with TPF as a suite of two observatories: a 6-m class optical
coronagraph (TPF-C), to be launched around 2014; and a mid-infrared formation-flying interferometer
(TPF-I), to be developed jointly with the European Space Agency and launched sometime before 2020.
Observations over such a broad wavelength range, from 0.6 to ~20 um, will provide not only a definitive
characterization of gross planetary features, but also a robust assessment of habitability and the presence of
life.

The proposed TPF program is a bold step that supports The Vision for Space Exploration and is well
aligned with recommendations of the Decadal Review. This staged approach reduces risk while making
data and results available as rapidly as possible. As has been evident over the past few years, TPF
technology for both interferometers and coronagraphs has been making excellent progress, promising that
TPF-C could be ready for launch as soon as 2014. Collaborations with the European Space Agency (ESA),
which have emphasized common science goals for TPF and Darwin, were expanded in 2003 to explore the
most promising interferometer designs. Also under discussion in 2004 is the possibility of a collaborative
formation flying demonstration, to be conducted through the ESA SMART-3 mission for launch as soon as
2012.

Plans for the immediate future therefore include continued technology development for both TPF-C and
TPF-I, enhancing ties with ESA, and preparing TPF-C for entry into Phase A.
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1.2 Programmatic Decisions

This document is structured to resolve questions that are of programmatic importance to the development of
TPF. Although TPF-C will be launched prior to TPF-I, and will therefore follow a different schedule, the
programmatic concerns for both TPF-C and TPF-I are essentially the same. The development of each is
therefore shown schematically by the single illustration in Fig. 2 and described below:

a. In Pre-Phase A, the focus of TPF precursor science will be to contribute to the Mission Concept
Review that will allow a TPF mission to enter Phase A of its project lifecycle. Key questions will
include: the level of exozodiacal emission and its influence on the designs of interferometer or
coronagraph architectures; an assessment, mostly complete, of the spectral markers for TPF; and an
initial selection of appropriate target stars.

b. In Phase A, the mission and system definition studies will refine the architecture so that it is ready
for preliminary designs in Phase B. The over-riding question to be resolved by the end of Phase A
will be to define the capability of the mission and determine to what scale the observatory must be
built. What volume of space should be searched for planets? How large of a collecting area will
be needed? What angular resolution will be required? Scaling the architecture and defining the
scope of the mission will be necessary before either TPF-C or TPF-I continue to Phase B, C, and D.

Advanced Studies Formulation Implementation
Phases Pre-Phase A Phase A Phase B Phase C Phase D Phase E
Mission & System Heaeilily 1
Advanced Studies | & SY Preliminary Design  Design & Build & Launch Ops Operations
Definition (ATLO)
1 I 1 | I
Key
Gates i | | ]
Concept Preliminary Preliminary Approval ATLO
Approved  Mission & System Design Review for Build  Start
Review

Gate Mission Project Project Technical LaU_T\Ch
Criteria Feasibility Feasibility Viability Viability Readiness
Precursor Exozodi levels Freq of Earths
Science Known Estimated

Biomarkers Spectroscopic

Identified Resolution Known

Preliminary Refined Target List

Target List Target List Finalized
Programmatic Concept Preliminary Mission  Final Mission Mission Priorities Finalized
Decisions Approved Scope Approved Scope Approved and Launch Approved

Figure 2. TPF summary schedule. This synoptic schedule shows the major events in the life cycle of
TPF, including the key science questions that must be addressed, and in which phase of the development
the answers are needed. The most important near-term science goal is to assess the level of exozodiacal
light in potential TPF targets. This will assist in the mission concept review, prior to the entry into Phase
A, as described in Chapter 4.
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c. In Phase B, C, and D, precursor science will emphasize the preparation of a mission whose
capability is already well defined. Studies will emphasize further development of the target list,
understanding the environment of the target stars, and determining the best strategy to maximize
the scientific return of the mission.

In the sections below, we show how these scientific questions feed directly into the decisions that TPF-C
and TPF-I face during their development.

Emphasis in Pre-Phase A: Mission Concept Review

TPF-C and TPF-I are currently in the first (or pre-Phase A) stage of the NASA Project Life Cycle, shown
in Fig. 2, and are undertaking a suite of technology development projects to demonstrate technological
readiness leading to their Mission Concept Reviews.

Exozodiacal Light Levels: For the coronagraph and interferometer designs, the driving requirement in each
architecture is the need to suppress or reject starlight so that planet light can be detected. Moreover,
atmospheric spectroscopy must be possible within the bands of biomarkers that have been identified. The
TPF Project has estimated that starlight rejection of ~10°~10'":1 is necessary for optical coronagraphs, and
~10°~10°%1 for mid-infrared interferometers. In both cases the contrast ratio has been estimated based on
an assumed brightness ratio of the star and planet. Previous architecture studies have shown that the
brightness of dust in the habitable zone of the target star adversely affects the integration time necessary to
detect planets for both the coronagraphic and interferometric systems, but with a somewhat greater effect
for interferometers. Thus, in addition to a critical assessment of the technology needed for the two
architectures, it is important to characterize and understand the brightness of the average exozodiacal
emission surrounding potential TPF targets prior to the Mission Concept Review.

Biomarkers: The technical requirements for the architectures of both coronagraphs and interferometers are
dependent upon the wavelength range, or spectral bandpass, that is necessary to detect evidence of life. In
particular, the shortest operating wavelength determines the required surface smoothness of optics and the
mechanical stability of the observatory. The need for better starlight suppression would push the designs to
use longer wavelengths, but amongst mid-infrared biomarkers the relatively short-wavelength water-vapor
band at 6.3 um may prove the most sensitive and easiest to interpret — forcing a tightening of requirements
of a mid-infrared interferometer design. The necessary spectral bands of visible and mid-infrared
biomarkers must be known if the design teams are to provide instruments tailored to TPF’s needs.

Preliminary Target List: The quality of science that will be derived from TPF will be partly determined by
the stars included in the final target list. A preliminary list of stars will greatly assist in judging the
technical feasibility of the mission concepts. This preliminary target list may include a larger number of
stars than are retained in the final list.
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Emphasis in Phase A: Determining the Scope of a Mission

In Phase A the emphasis will be on specifying the detailed design of the optics of each TPF observatory,
TPF-C or TPF-I, leading to the Preliminary Mission and System Review. The science issues relevant to the
design of the optics in each case are as follows:

Frequency of Earths: The TPF missions will be capability-driven missions. The scale of the observatories
— the size of the coronagraph primary optics or distance between the furthest collecting apertures of the
interferometer — will determine the number of stars that are attainable by each mission. Defining the
capability of a mission will involve a trade between the desire to explore a larger number of extrasolar
planetary systems and the technological difficulty of building a larger observatory. To better understand
this trade, precursor science activities prior to entry to Phase A will include detections of gas giant planets
by a variety of techniques. Coupled with advances in astrophysical theory, these data (including perhaps
transit detections of several-Earth mass planets from COROT or MOST) will provide improved estimates of
the frequency of Earth-like planets. The programmatic implications will be wide-ranging. More certain
knowledge of the frequency of Earths will not only help set the scale of the observatories but will later
assist in setting priorities in the initial phases of the missions.

Spectroscopic Resolution: In Phase A the details of the spectrometers, filters, dichroics, and operating
wavelengths of various instruments within a TPF facility will need to be defined. The instruments will be
optimized for the detection of known biomarkers. Our understanding of biomarkers must have advanced
sufficiently during Phase A to set requirements for the detailed instrument designs.

Refined Target List: All nearby stars should be well characterized before the target lists for TPF can be
chosen. A refined target list, with the furthest target identified, will be needed in Phase A to set the scale of
the observatory. The distance to the furthest planet in the survey will be determined by the size of the
observatory (its angular resolution) and the area of its collecting apertures (its sensitivity).

Emphasis in Phase B, C/D: Setting the Mission Priorities

Up until launch, precursor science activities will aid in preparations for each mission: undertaking
complementary observations of the target stars, establishing data-bases of standardized measurements, and
refining techniques for the detection of biomarkers. There will be a wide variety of activities focused on
improving the scientific productivity of the missions.

Moreover, throughout the formulation and development of TPF, it is important to develop the scientific
community who will be the ultimate users of the TPF missions.

Target List: During the period leading up to the launch of TPF-C and TPF-I, their target lists will be
finalized. This will involve the continuation of a coordinated program to observe and characterize all
potential target stars and to establish a standardized database and archive of measurements. The target lists
will be refined and prioritized to identify target stars most likely to harbor Earth-like planets. Observations
with the Space Interferometry Mission (SIM) will be a particularly important component of this final step of
characterization.



CHAPTER 1

1.3 Organization of this Document

In Chapter 2, Overview of TPF Science, the high-level science objectives for TPF are defined. For the
optical and mid-infrared wavebands currently under study, the needed resolution, sensitivity, and spectral
coverage are defined in term of the biomarkers that extrasolar Earth-like planets may exhibit.

The four succeeding chapters are ordered to reflect the long-term priorities (Pre-Phase A through launch) of
precursor science, and cover the major research themes that directly feed into TPF:

Chapter 3: Characteristics of Extrasolar Planetary Systems

Chapter 4: Exozodiacal Dust and the Search for Planets

Chapter 5: Characteristics of Stars That May Harbor Earth-Like Planets
Chapter 6: Characteristics of Planets That May Support Life

These topics require multi-disciplinary observations as well as a theoretical framework to help interpret the
data and extrapolate them to specific TPF needs. Numerical modeling provides a means of challenging our
theoretical framework with the observations. Accordingly, observation, theory, and modeling are presented
in parallel, to emphasize the interdisciplinary nature of this research.

Chapter 7, Development of TPF Precursor Science, shows how the different elements of the proposed
research work together to further the objectives TPF precursor science. These elements include TPF
Foundation Science, community infrastructure for interdisciplinary theoretical research, complete, accurate
and user-friendly databases, and new technology for instruments and missions.

Finally, we summarize in Chapter 8 our Priorities and Recommendations for developing precursor science,
with a schedule for research milestones that support TPF, and the budget resources necessary to achieve
them. We also show how ground and space missions — those currently observing, and those scheduled to
be in operation in the next several years — will contribute to TPF precursor science.

Chapter 8 also includes recommendations for ancillary precursor science that would broaden and enrich the
range of activities described in earlier chapters. Although such individual topics may not directly address
the questions outlined above, they contribute strongly to the development of the field of extrasolar planet
research — a field still in its infancy. It would be a mistake to focus too narrowly on only the big questions
or the expected outcomes of individual activities. In much of astronomy serendipitous discoveries can take
a field in unexpected directions, and the correct interpretation of individual results demands that the results
be viewed in a broad framework. These related activities build a tapestry of research results that bring
together diverse threads into a coherent whole.

At the end of this document, we acknowledge the many contributors, and provide an acronym list, and
suggestions for further reading.
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CHAPTER 2

2 Overview of TPF Science

Characterization of Other Solar Systems
and the Search for Life

Signposts of habitability and of primitive life exist at both optical/near-infrared and mid-infrared
wavelength bands, and taken as a whole the combined missions of TPF-C and TPF-I will provide more
compelling scientific results than either mission could provide by itself. Measurements taken over both
bands will detect a wider range of biomarkers and yield a robust and definitive assessment of a planet’s
habitability. Observations at optical and mid-infrared wavelengths will confirm detections and extend
interpretations that might only have been made initially at one wavelength. The two missions are
complementary, and the scientific planning for the two will be done concurrently and at an early phase of
their development.

This Chapter summarizes the objectives of TPF as defined by the TPF Project and the TPF Science
Working Group, with additional inputs from the broader scientific community. It is important to clearly
state the objectives for TPF so as to provide a context and motivation for the precursor science program that
is laid out in the remainder of this document.

2.1 Summary

One of the most profound questions that modern science can address is whether or not Earth-like planets,
habitable or already life-bearing, exist elsewhere in the Universe. Thus, a defining goal of NASA's
Navigator program is to understand the formation and evolution of planets and, ultimately, of life beyond
our Solar System. This goal requires a complete census of planets orbiting nearby stars down to the mass of
the Earth; an understanding of the physical and biological processes that make a planet habitable and that
might lead to the evolution of a "living" planet; and the direct examination of nearby planets for signs of
life. With these objectives in mind, we define the primary goal for TPF as follows.

TPF-C and TPF-I must be capable of detecting radiation from Earth-like planets located in the habitable
zones around a minimum of 35 and preferably 165 or more solar type stars — having spectral types F, G,
and K. TPF observatories must be capable of determining the orbital and physical properties of detected
planets to assess their habitability, but most importantly be capable of characterizing the atmospheres and
searching for potential biomarkers among the brightest Earth-like candidates.
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Habitable

Planets
and Life

Figure 3. Schematic of the scientific goals of the Terrestrial Planet Finder. The core science of TPF is to directly
detect and characterize Earth-like planets should they be present in the habitable zones around the nearest stars. TPF
will also be capable of conducting studies in comparative planetology, and with little or no additional cost of
undertaking observations of general astrophysical interest.

Our understanding of the properties of terrestrial planets will be scientifically most valuable within a
broader framework that includes the properties of all planetary system constituents, e.g. both gas giant and
terrestrial planets, and debris disks. Some of this information, such as the properties of debris disks and the
masses and orbital properties of gas giant planets, will become available with currently planned space or
ground-based facilities. However, the spectral characterization of most giant planets will require
observations with TPF-C and TPF-1. The ability to carry out a program of comparative planetology across a
range of planetary masses and orbital locations in a large number of new solar systems is by itself an
important scientific motivation for the missions.

An observatory with the power to detect an Earth orbiting a nearby star will be able to collect important
new data on many targets of general astrophysical interest. Such ancillary science might use either the
existing planet-finding instruments or possibly additional instruments — providing they were provided at
little or no additional cost to the overall mission. The hierarchy of science goals is summarized in Fig. 3.
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2.2 Properties of Target Stars

TPF-C and TPF-I will focus its search to Sun-like and similar stars, broadly defined as those main-
sequence stars with spectral types F, G, and K, either in single systems or wide binaries. A few nearby A,
early F and M stars may be considered in addition to the primary solar-type targets. The majority of stars
earlier than G on the target list should be restricted to spectral types F5—-F9. In this way, the sample will be
strongly focused on stars similar to the Sun. M-dwarfs closest to our Solar System (having habitable zones
with the largest angular sizes) should also be considered candidates for TPF searches.

TPF-C and TPF-I will be designed so that, with a high degree of confidence, they will be capable of
detecting Earth-like planets should they exist in the habitable zones of the stars in their survey. The
angular resolution, and therefore the physical size of each observatory, will be chosen to accommodate the
most distant stars in their surveys. Obviously, missions that must survey more stars must be more capable
— primarily in sensitivity and angular resolution. How many stars should be surveyed? We can make a
preliminary estimate of the survey size based on the estimated fraction of stars with Earth-like planets in
their habitable zone, which we will call 1e.

Preliminary evidence suggests that ne, is approximately 10%. Of the 300 best-studied F, G, K, and M
main-sequence stars surveyed by the Lick Observatory planet search, 15% were found to have gas-giant
planets with semi-major axes less than 3 AU. If smaller planets are as common as larger planets, one might
expect to find roughly the same number of terrestrial planets within similar orbits.

Based on this assumption, a TPF mission should survey at least 165 stars to have a 90% probability of
detecting 15 or more terrestrial planets, or at least 35 stars to have a 90% probability of detecting at least 3
planets. In Pre-Phase A, the designs of the optics for a mission will be scaled based on a preliminary
estimate of ng, relying upon the latest available data, which will need to be refined prior to TPF-C or TPF-I
entering Phase B of its life cycle.

2.3 Search Region Around Target Stars

The habitable zone is defined as that region around a star within which, instantaneously, liquid water may
exist. A planet located in the habitable zone is in principle habitable by water-based life like our own. The
continuously-habitable zone is the narrower range for which liquid water and hence habitability continues
for geologically significant timescales, considered here to be a billion years or more. The continuously-
habitable zone must be defined in this way principally because main sequence stars brighten monotonically
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